Although significant knowledge of cellular and molecular mechanisms underlying the acquisition and early storage of implicit and explicit long-term memory has been gained, the mechanisms by which memories are maintained for long periods of time are still not fully understood 1,2 . Because proteins normally have relatively short half-lives, of hours or days, the question remains: How can the change in molecular composition of a synapse be maintained for long periods of time, as is required for long-term memory? We previously found one answer to this conundrum in a work describing a prion-like regulator of local protein synthesis at the synapse in the marine snail Aplysia californica: the cytoplasmic polyadenylation element-binding protein Aplysia CPEB 3,4 . This provided physiological evidence that the prion-like properties of Aplysia CPEB might explain the selfsustained, continuous molecular turnover at the synapse 5 .
a r t i c l e s nervous system (CNS) of Aplysia under native conditions. The Aplysia CNS tissues were briefly ground at 4 °C and centrifuged (Online Methods). The supernatant was collected and fractionated by gel-filtration chromatography. All fractions obtained after gel filtration were analyzed by western blotting using an antibody raised against the Aplysia CPEB sequence (Online Methods). These analyses indicate that CPEB extracted from Aplysia CNS tissues exists as a high-molecular-weight oligomer or mixture of oligomers of ten or more units (>80% of the mass of detected protein has an apparent molecular weight of >670 kDa) ( Fig. 2 and Supplementary Fig. 1a,b) . No monomer was detected by this method. However, consistent with the observations reported previously 5 , trace amounts of oligomers were found in the molecularweight range expected for a trimer or tetramer. Control experiments done with Aplysia α-tubulin (which exists as a monomer as well as a polydispersed polymer in vivo; Fig. 2c ) and with kinesin heavy chain (which is a dimer in Aplysia) showed the expected molecularweight distribution pattern in our experimental condition.
The apparent molecular weight of each fraction was obtained from a calibration curve (Supplementary Fig. 2b ).
Recombinant Aplysia CPEB was expressed in Escherichia coli cells, and the native lysate of these cells was analyzed similarly by chromatography followed by western blotting (Supplementary Fig. 1c ).
The data also showed a very high apparent molecular weight (>670 kDa) for Aplysia CPEB in the soluble form, with a trace amount of smaller oligomers. Moreover, the affinity-purified, soluble Aplysia CPEB in phosphate-buffered saline (PBS) containing 2 M urea was analyzed by similar methods, which revealed that large soluble oligomers (larger than decamers) were the dominant forms present in the soluble state. Because the protein in all these three cases eluted near the void volume of the column (670 kDa), determination of the exact apparent molecular weight was not possible, and only a lower molecular-weight cutoff could be determined. Nevertheless, in all three cases more than 80% of the soluble protein was in the form of a high-molecular-weight oligomer, the majority of which had a size of a decamer or larger oligomer.
The similarity in the elution profiles for the native extract from Aplysia, the native extract from freshly lysed E. coli cells expressing Aplysia CPEB (Supplementary Fig. 1c ) and the affinity-purified protein suggests that the oligomeric form of Aplysia CPEB is likely to be similar to the oligomeric form in the in vivo material in Aplysia as compared to recombinant material, lending relevance to our biophysical studies in vitro.
The soluble form of purified Aplysia CPEB in PBS with 2 M urea was further characterized by size-exclusion chromatography followed by light scattering. We found from light-scattering experiments that the oligomeric state of soluble Aplysia CPEB in PBS with 2 M urea buffer has 12-20 units and a radius of gyration (R g ) similar to the Fig. 2a,b) . When the concentration of urea in the PBS buffer was increased to 4 M, these oligomers started to disaggregate into trimer-to monomer-sized particles ( Supplementary  Fig. 2c ) with an extended conformation evident from combined sizeexclusion chromatography (SEC) and light-scattering analyses. Although the protein in PBS with 4 M urea buffer eluted at a higher apparent mass than the protein in PBS with 2 M urea, the corresponding light-scattering signal showed a very low molar mass (around monomer to trimer). This might represent some sort of unfolding of the protein, owing to the increase in concentration of urea in the buffer causing an extended conformation for the protein.
Does Aplysia CPEB exist in two different conformations?
A relatively simple experiment confirmed that Aplysia CPEB indeed forms two distinct conformations with different aggregation and functional capacity. Purified recombinant Aplysia CPEB in urea-containing phosphate buffer gradually formed an insoluble aggregate (in 1-2 weeks for a protein solution with a concentration of approximately 1 mg ml −1 or higher in the presence of 2 M urea) and did so more rapidly when the protein concentration was higher or the urea concentration lower. We then tested the ability of the soluble and fiber forms of Aplysia CPEB to bind RNA. To probe the RNA binding function, soluble or insoluble Aplysia CPEB was incubated with the 3′ UTRs of mRNAs coding for N-actin (neuronal actin), which included the CPE elements and were 32 P enriched. The samples were then filtered through a nitrocellulose membrane, which preferentially binds protein but not RNA 19 . 32 P-radiolabeled CPE-mutated N-actin RNA was used as one of the controls in this experiment 4 . To eliminate any error due to inherent nonspecific binding of RNA to the insoluble protein, two insoluble Aplysia CPEB protein samples were used: the full-length Aplysia CPEB mutated at the RNA-binding domain, and the isolated N-terminal domain of Aplysia CPEB (prion domain, PRD). We found that, compared with the soluble form, the insoluble full-length Aplysia CPEB binds RNA with a significantly greater affinity (P < 0.05; Student's t test; Fig. 3 ), which suggests the existence of two functionally different forms of Aplysia CPEB in vitro. This is notable in light of the in vivo data on Aplysia CPEB reported previously, which showed that positive function in long-term memory-related synaptic facilitation is associated with the aggregated form of this protein 5 .
Secondary structure of the two forms of Aplysia CPEB
The secondary structure of the soluble form of Aplysia CPEB was determined by far-UV (180-350 nm) CD. The CD spectrum of the Aplysia CPEB protein in PBS with 2 M urea, pH 7.4, showed an α-helix-rich secondary structure (Fig. 4a) . Deconvolution of the CD spectrum by using algorithms in DICHROWEB (Contin, Selcon and K2D) 20, 21 showed that the soluble form has 10% or less β-sheet content, 40-50% α-helix content and 30-40% random coil. The secondary structure of the fiber form of Aplysia CPEB was analyzed by FTIR spectroscopy, focusing on the amide I region (1,600-1,700 cm −1 ). The amide I band, in which β-sheets appear between 1,637 and 1,630 cm −1 , has been described to shift below 1,630 cm −1 for β-sheets in amyloid-like structures 22 . FTIR analysis of the fiber form of Aplysia CPEB showed an amide I band at 1,622-1,627 cm −1 , which suggests that this form of the protein is predominantly in a β-sheet-rich conformation (Fig. 4b) . Manual deconvolution of the spectrum suggests that the aggregated form of Aplysia CPEB consists of about 40-50% β-sheets. Synthetic amyloid (Aβ 42 ) and BSA (a helixrich protein) were also analyzed as controls. To further test whether the fiber form of Aplysia CPEB has an amyloid-like structure, we used thioflavin-T, a dye that can specifically stain amyloids. Unlike Fig. 4c) .
X-ray powder diffraction of Aplysia CPEB fibers
We further characterized the fibers of purified full-length recombinant Aplysia CPEB (expressed in E. coli) by X-ray powder diffraction. The fibers formed in PBS were washed three times with water and collected by centrifugation. These fibers were loaded to a loop (as the sample holder) and placed on the path of the X-ray for 1 h. The diffraction pattern of Aplysia CPEB showed two well-defined rings at 10.7 Å and 4.7-4.8 Å (Fig. 5a) for the intersheet and interstrand distances, respectively, consistent with an amyloid structure. Yeast prions such as Rnq1p, Sup35p and Ure2p showed similar diffraction patterns for their aggregated fiber form 24, 25 , which supported the idea that Aplysia CPEB adopts a β-sheet-rich fiber structure. However, in unusual cases, helical fibers may show prominent diffraction at similar spacing 26 . Taken together with all the other biophysical analyses and dye-staining experiments on Aplysia CPEB fibers, our X-ray diffraction data support a β-sheet-rich (amyloid) secondary structure for these fibers. In contrast, polyethylene glycol-precipitated soluble Aplysia CPEB showed no fluorescence with thioflavin T and did not give a diffraction pattern corresponding to an amyloid structure (data not shown). We repeated the experiment by placing the wet fibers in a sealed capillary to avoid any potential drying of the fibers due to the use of a loop as a sample holder. The radial projection of the diffraction pattern obtained from the wet fibers (Fig. 5b) showed a sharp peak at 4.7 Å and slightly broader peak around 10.7-11 Å, indicative of amyloid structures.
Rapid kinetics of fiber formation
The kinetics of fiber formation of the full-length Aplysia CPEB were recorded by using real-time fluorescence measurements in the presence of the amyloid-staining dye thioflavin T. To determine whether the conformational change of Aplysia CPEB into fibers has a lag phase, the soluble protein in PBS with 2 M urea was directly added to a 40-fold-volume excess of PBS containing thioflavin T, and the fluorescence intensity was measured over time. The data were collected at intervals of 0.1 s. An instantaneous increase in emission intensity following the addition of the protein solution to the PBS-dye solution indicated an apparent lack of a lag phase on the seconds timescale, thus offering evidence for the lack of stable intermediates in the process under the conditions we studied (Fig. 5c) . This result is analogous to that for other functional amyloids (for example, Pmel17, condensed peptide hormones or ALF) [27] [28] [29] [30] . Furthermore, we found that Aplysia CPEB fibers, once formed, can be redissolved in 6-8 M urea or 4-6 M guanidine hydrochloride solution. This indicates that the fiber formation of Aplysia CPEB is a reversible process in vitro.
Limited proteolysis of the fiber form of Aplysia CPEB
To identify the fragment involved in the fiber core formation, we carried out limited proteolysis with trypsin and proteinase K followed by MS. We found three fragments missing in the fiber form of Aplysia CPEB and present in the soluble form after trypsin digestion and mass spectrometry. Sequencing of these fragments revealed that they are associated with the N terminus of Aplysia CPEB ( Supplementary  Figs. 4 and 5) . The SDS-PAGE analysis of the trypsin-digested fulllength Aplysia CPEB showed a 20-to 25-kDa protease-resistant fragment (Supplementary Fig. 4d ). We could not find any proteaseresistant fragment in an analogous experiment carried out using the soluble form of full-length Aplysia CPEB. These observations suggest that when Aplysia CPEB converts from the soluble form to the fiber form, the conformational change makes the N terminus of the protein resistant to enzymatic digestion. These data are consistent with the model (Fig. 1b) that we derived from the solid-state NMR data indicating that the N terminus of the Aplysia CPEB fiber is rigid and that it forms the fiber axis. The sequence of the trypsin-resistant fragment of Aplysia CPEB fibers has four intact trypsin-digestion sites (Supplementary Fig. 4f) .
Proteinase-K digestion of the PRD and full-length Aplysia CPEB fibers showed identical protease-resistant fragments around 7 kDa (Supplementary Fig. 4e ). This is consistent with the idea that this fragment might have derived from the N terminus (PRD) of CPEB. To further confirm the position of this fragment, western blot analysis was carried out using an antibody raised against the C terminus of the Aplysia CPEB protein. The absence of staining suggests that these peptide fragments belong to the N terminus of the protein. Amino acid analysis showed a glutamine-rich sequence for this fragment, but the exact sequence of the fragment could not be determined from amino acid analysis and MS (data not shown). The details of these experiments are given in Online Methods.
Solid-state NMR analysis of Aplysia CPEB
To probe the structure of the fiber form of Aplysia CPEB, we used solid-state NMR spectroscopy, including cross-polarization 31 , refocused INEPT (insensitive nuclei enhanced by polarization transfer) 32 and direct excitation. The fibers of full-length Aplysia CPEB formed in PBS were collected by centrifugation and washed with deionized water to reduce salt-induced sample heating. After the washing, the protein was centrifuged at 14,000 r.p.m. for 30 min to form a compact pellet. This pellet was loaded into the NMR rotor by centrifugation. The cross-polarization experiment selectively detects the static parts of the sample 33 , whereas refocused INEPT detects the dynamic portions of the protein. The direct-excitation experiment highlights both the dynamic and the static part of the sample. Solid-state NMR data on full-length Aplysia CPEB fibers showed the presence of both static and dynamic domains (Fig. 6a) . Other prion proteins like HET-s npg a r t i c l e s have also been found to have such dynamical heterogeneity in their amyloid forms [34] [35] [36] . Similarly, the N terminus of Pmel17 fibers has a polymorphism that was revealed by solid-state NMR, which indicates that there may not need to be a unique structure for an amyloid to be functional 37 .
The PRD also showed similar NMR spectroscopic signatures (indicating the presence of both dynamic and static regions in the protein). However, the refocused INEPT spectrum of the PRD has much less signal associated with the dynamic region of the protein compared to full-length Aplysia CPEB (Fig. 6b) , which indicates relatively high rigidity at the N terminus of the protein. The 1D spectra showed that Aplysia CPEB fibers are dynamically heterogeneous. We investigated the temperature dependence of Hartman-Hahn cross-polarization 13 C 1D spectra of full-length Aplysia CPEB fibers by recording the spectra at 220 K and 260 K. Because the dynamic parts of the fibrils freeze out (or become rigid) at low temperature, we found an increase in signal intensity on the cross-polarization spectra recorded at a lower temperature (Fig. 6c) . This confirms the presence of dynamic parts in the structure of Aplysia CPEB fibers.
Aplysia CPEB fibers were characterized by 2D solid-state NMR spectroscopy. The 2D 13 C-13 C dipolar assisted rotational resonance (DARR) spectra of the PRD (~200 amino acids at the N terminus; Fig. 7a ) was recorded. Previously tabulated average positions are indicated for the Cα-Cβ and Cα-CO cross-peaks of α-helical, β-sheet and random-coil conformations for serine, alanine, threonine, leucine and glutamine in the 2D DARR (Fig. 7a) 38 . The assignments of serine, alanine, threonine and leucine were based on their particular chemical shifts, and glutamine could be assigned by the detection of a complete spin system and the fact that this amino acid comprises ~40% of the PRD sequence, thus resulting in the strongest cross-peaks of the entire spectrum (Supplementary Fig. 3b) .
The PRD fibers are clearly not composed entirely of β-sheets but also of helices and random-coil elements, on the basis of chemical shifts for serine, alanine and leucine, which are present in the PRD. The presence of two complete and separated spin systems for glutamines, one in a β-sheet conformation, the other in an α-helical conformation, indicates that the PRD has a mixed secondary structure (Supplementary Fig. 3b ). This observation is in accordance with the results obtained from the FTIR spectroscopy of Aplysia CPEB fibers, which showed about 50-60% β-sheet and the rest 40-50% randomcoil and α-helix structures. From the FTIR spectra of the protein it was difficult, however, to distinguish between random-coil and helical structures.
The 2D DARR spectra of full-length Aplysia CPEB fibers gave qualitatively the same result as the 2D DARR spectrum of the PRD (Fig. 7 and Supplementary Fig. 3 ), which suggests that most of the signals in the spectra of the full-length Aplysia CPEB spectrum arise from the static PRD, and the RNA-binding domain might be relatively dynamic and, therefore, missing in our spectra. This interpretation is supported by the fact that we observed a marked increase in Figure 6 1D solid-state NMR spectra of the fiber form of full-length Aplysia CPEB and the isolated prion domain, indicating dynamic RNA-binding domains and static prion domains. (a) 13 C 1D spectra of recombinant full-length Aplysia CPEB in hydrated insoluble (fiber) form recorded at a 1 H frequency of 600 MHz and 13 kHz MAS. The initial 13 C magnetization was generated by using either a simple 90 °C 13 npg a r t i c l e s signal by freezing the full-length Aplysia CPEB fibers (Fig. 6c) . We hypothesize that in the structure of the full-length Aplysia CPEB, the PRD is very rigid, and the C-terminal RNA-binding domain is quite dynamic (Fig. 1b) . The flexible part of Aplysia CPEB was further analyzed by using an INEPT-based heteronuclear correlation (HETCOR) 39 spectrum in a similar way as was reported for HET-s (residues 218-289) and huPrP (residues 23-144) 34, 35, 40 . The HETCOR spectrum of Aplysia CPEB (Fig. 7c) showed that most of the amino acids in the dynamic part of the protein are either in α-helical or in random-coil conformation (Supplementary Table 1) .
In summary, on the basis of NMR observations, we propose a model for the coordinated polyadenylation of CPE-containing RNAs by the amyloid form of Aplysia CPEB (illustrated in Fig. 1b) . The RNA-binding assays (Fig. 3) and limited proteolysis experiments ( Supplementary Fig. 4 ) provide additional support for this model.
DISCUSSION
Previous work suggested that Aplysia CPEB in vivo has prion-like properties and that the aggregated form was the functional state of the protein 3-5 . These findings motivated us to ask whether Aplysia CPEB exists in vitro in multiple conformations with distinct secondary structures. To this end, we have expressed and purified recombinant Aplysia CPEB and found the protein to be highly insoluble. Recombinant Aplysia CPEB is soluble in phosphate buffer in the presence of 2 M urea, but at lower concentrations of urea the protein promptly forms insoluble aggregates. Biophysical analyses of these two forms confirmed that Aplysia CPEB has an α-helix-rich structure in its soluble form and a β-sheet-rich structure in the insoluble aggregated form, with a smaller percentage of helical and random-coil signatures.
The fiber form of Aplysia CPEB showed the biophysical signature of an amyloid in FTIR, thioflavin-T staining and X-ray diffraction analyses. Solid-state NMR spectra showed that the PRD of Aplysia CPEB is not solely composed of β-sheets but also has helical and random-coil stretches. The alanine, leucine and also some of the glutamine shifts in Figure 7a and Supplementary Figure 3b , in particular, indicate a partial helical content in the PRD fiber of Aplysia CPEB. Owing to the lack of site-specific assignments, it is difficult to know whether the structure of Aplysia CPEB is polymorphic, comparable to many pathological amyloids, or has a unique structure characteristic of functional prions, similar to the HET-s prion. Prior solid-state NMR studies have shown that the nonprion domains of a number of prion proteins such as HET-s, Ure2p and Rnq1 can be large, sometimes even globular, domains of mixed secondary structure. However, an extended β-sheet conformation was shown to be the dominant secondary structure of the prion domains of all of these proteins 24, 36, 41 . Our NMR data for the prion domain of Aplysia CPEB revealed the possibility of a new, stable and insoluble β-sheet-rich prion domain with mixed secondary structure containing loops and α-helices. The fact that we detect mixed secondary structure is somewhat of a departure and may result from the use of a larger domain with over 200 amino acids. This is of particular note because another bioinformatics and mutagenesis study from our laboratory predicts that the glutamine-rich regions of Aplysia CPEB could have a propensity to form α-helical coiled-coil structures 42 . Whether such coiled coils are the basis of the aggregated state or merely a prelude to β-sheet formation is unclear. Because positive functional amyloid is induced just before the onset of the persistent synaptic facilitation underlying longterm memory, it would clearly be a very dramatic process in the cell that may require regulation of the formation and dismantling of the amyloid. One advantage of having an extensive nonsheet structure, as for example a coiled-coil structure, is that the nonsheet structure could have a regulatory role in these aggregation processes. Moreover, as β-sheet structures are rigid and not accessible to regulation, the nonsheet coiled-coil structure could provide a mechanism for the regulated switching from a soluble to a β-sheet structure and back again. Thus the structure model has the advantage of β-sheet rigidity necessary for a translation-machine model and the flexibility of the coiled coil needed for regulation.
Solid-state NMR experiments on full-length Aplysia CPEB indicate that the protein has both very rigid and very dynamic parts: the rigidity of the fibers is apparently associated with the PRD of the protein.
In contrast, the C terminus or the RNA-binding domain of the protein is very flexible and could not be observed with solid-state NMR. Dynamical heterogeneity has been reported for other prions as well. This observation leads us to propose a model for the gain of function during aggregation of Aplysia CPEB, in which the prion domains of the protein are stacked together to form the fiber axis (Fig. 1) . The RNA-binding domains, by contrast, are dynamic and exposed on the surface of the fiber, free to bind RNA. A similar model was proposed to explain the activity of amyloid-like fibrils of RNase A 43 . A locally concentrated arrangement of RNA-binding sites could be advantageous for translation at the synapse. It could facilitate localized polyadenylation of multiple RNAs, and it might, therefore, coordinate polyadenylation of a population of inter-related RNAs during synthesis of new proteins that are immediately used at the synapse for the maintenance and stabilization of long-term memory.
METHODS
Methods and any associated references are available in the online version of the paper.
